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Abstract - We carried out laser shock experiments and wholly recovered shocked 
olivine and quartz samples. We investigated the petrographic features based on optical 
micrographs of sliced samples and found that each recovered sample comprises three 
regions, I (optically dark), II (opaque) and III (transparent). Scanning electron 
microscopy combined with electron back-scattered diffraction shows that there are no 
crystal features in the region I; the materials in the region I have once melted. Moreover, 
numerical calculations performed with the iSALE shock physics code suggest that the 
boundary between regions II and III corresponds to Hugoniot Elastic Limit (HEL). Thus, 
we succeeded in the recovery of the entire shocked samples experienced over a wide 
range of pressures from HEL (~ 10 GPa) to melting pressure (~ 100 GPa) in a 
hierarchical order.  
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INTRODUCTION 
Hypervelocity impacts generate high pressures and shock waves in target materials. 
After the passage of the shock waves, the physical and/or chemical properties of the 
target materials are often substantially altered due to energy deposition; phase 
transitions or transformations such as vaporization and melting (e.g., Ahrens and 
O’Keefe 1972) and shock-metamorphic effects in rocks and minerals (e.g., Stöffler 
1972) occur. The amount of altered target-materials has been paid attention, for example 
the extent of vaporization and melting (e.g., Kieffer and Simmonds 1980; Pierazzo et al. 
1997), the volume of the materials experienced with higher pressures than Hugoniot 
Elastic Limit (HEL, the limiting value of stress in solid media beyond which plastic or 
irreversible distortions occur), which would affect the morphology of final craters such 
as central pits, terraces, and rings (e.g., Ferriére et al. 2008), and the largest fragment 
mass in impact fragmentation (e.g., Mizutani et al. 1990; Mitani 2003).  
The recovery and analysis of shocked samples in laboratories have been one of the 
important methods to study the effect of shock wave passing in materials. In previous 
sample recovery experiments, the shock-metamorphic effects such as phase 
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transformations and shock-induced petrographic features have been investigated mainly 
from thin samples shocked at constant pressures in metal containers (see a review 
Stöffler and Langenhorst 1994) and sometimes from the highly shocked materials 
ejected by an excavation flow in cratering experiments, which are collected using ejecta 
catchers (e.g., Stöffler et al. 1975; Ebert et al. 2013). However, spatial distributions of 
shocked materials in rather large pressure ranges (e.g., those sufficient to melt down 
below the HEL; for olivine, pressure range from > ~ 80 GPa below ~ 10 GPa) have not 
been reported previously in shock experiments involving minerals; such distributions 
should be necessary to quantitatively know the amount of shock-metamorphosed 
materials and to observe the transitions between various shock stages, which would be 
used to calibrate some shock effects to pressures after the passage of a decaying shock 
wave.  
In this paper, we experimentally recover entire samples shocked in a large pressure 
range from higher than melt down below HEL and discuss the relation between the 
petrographic features of the recovered samples and the pressures experienced. As 
mineral samples, we used olivine and quartz; they are planetary major components, and 
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abundant in the data obtained by the recovery and analysis of shocked samples (for 
olivine, e.g., Reimold and Stöffler 1978; Syono et al. 1981a; Ohtani et al. 2004; 
Tschauner et al. 2009; and for quartz, e.g., Stöffler and Langenhorst (1994); a recent 
series of experiments using sandstones (e.g., Kowitz et al. 2013a)).  
To obtain high shock pressures, we used a laser facility. Recently, hypervelocity 
impacts have been experimentally simulated at pressures exceeding a few hundred GPa, 
corresponding to impact velocities > 10 km/s using high-power lasers (e.g., Kadono et 
al. 2010; 2012; Kurosawa et al. 2010; 2012a, b; Takasawa et al. 2011; Ohno et al. 2014). 
Here, we also generated pressures > a few hundred GPa by using a high-power laser, the 
GEKKO-XII HIPER laser at the Institute of Laser Engineering in Osaka University.  
Numerical modeling has been carried out to provide the explanation for the shock 
processes in impact experiments, including sample recovery experiments (e.g., Kowitz 
et al. 2013b). In this paper, we also carried out a numerical calculation simulating 
hypervelocity impacts to discuss the relation between the petrographic features of the 
recovered samples and the pressures experienced. Based on this discussion, our goal is 
to find some petrographic features of recovered samples as an indicator of melting and 
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HEL.  
EXPERIMENTAL AND ANALYTICAL METHODS 
Figure 1 is a schematic of the recovery experiments. The samples were 
single-crystal San Carlos olivine (Fo89) and artificially manufactured single crystal 
quartz. The cubic samples of 3 x 3 x 3 mm dimension were surrounded by aluminum 
(Al) cases except for the laser irradiation surface, which was covered with a titanium 
(Ti) sheet of 0.2-0.6 mm thickness to prevent the ejection of shocked samples from the 
Al cases. Reflection from the surrounding Al cases should exert smaller effects than that 
from stainless steel cases, which have been frequently adopted in previous recovery 
experiments, because the shock-impedance of the samples is similar to that of Al (e.g., 
Melosh 1989) in comparison with stainless steel.  
There are two types in laser experiments simulating hypervelocity impacts. One is 
flyer impact method. Laser irradiates spherical or sheet flyers directly or ablator 
(plastics or metals) attached to the flyers and generates plasma of high pressure and 
temperature, which rapidly expands to accelerate the flyers as rockets. Under 
appropriate laser conditions, the flyers in condensed phase are accelerated to a velocity 
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higher than ~ 10 km/s and impact on targets (e.g., Kadono et al. 2010; 2012). The 
second one is direct drive method; there is no flyer. The laser directly irradiates ablators 
attached to target samples, and ablation plasma of extremely high pressure produces a 
strong shock in the samples (e.g., Kurosawa et al. 2012a). In this method, the achievable 
peak shock pressure is much higher, and the experimental setup is rather simpler than 
the flyer method.  
In this paper, we adopted the second (direct drive) method for the experimental 
setup to be simpler. The Ti sheet was irradiated with a laser (energy and wavelength of 
0.7 kJ – 4.4 kJ and 1053 nm, respectively). The temporal pulse shape was 
approximately triangle; the foot-to-foot pulse duration was ~24 ns, and the peak was 
around 6 ns from the beginning of the pulse (Fig. A1a in the Electronic Appendix). The 
spatial distribution was approximately Gaussian and the full width at half maximum 
spot size was about 500 µm for olivine or 400 µm for quartz. Throughout the 
experiments, 4 shots for olivine and 2 shots for quartz were carried out. Based on a 
simple relationship between ablation plasma pressure P and laser intensity I: P ~ I2/3 
(e.g., Fabbro et al. 1985; Atzeni and Meyer-Ter-Vehn 2004), we define an average 
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pressure P0 of ablation Ti plasma as P0 = K(E/S)2/3, where E is total laser energy, S is 
laser-irradiation spot area, and K is a calibrated proportional-coefficient for the above 
laser irradiation conditions. The calibration experiment reveals that the pressure of the 
ablation plasma is approximately regarded as a constant during the laser irradiation (Fig. 
A2 in Electronic Appendix). Based on this constant pressure, we evaluated K in the 
above equation. In Table I, the experimental condition, sample, the thickness of Ti, total 
laser energy E, laser irradiation spot diameter, and estimated P0, are shown. 
After the laser irradiation, we recover the entire shocked samples. Most parts of the 
Ti sheets were ejected and not recovered. Slices of the samples attached to glass plates 
were obtained as follows. The recovered samples were solidified with epoxy-resin and 
sliced with a diamond blade. The surface of one sample fragment was polished and 
attached to a glass plate, and again sliced with the diamond blade. Finally, the sample 
surface was polished to a sample thickness of ~0.3 mm.  
We analyzed these slices of the recovered samples using optical microscopes to 
observe the petrographic features. Then, the slices were coated with carbon and 
observed with a field emission-scanning electron microscope (FE-SEM; JSM-7001F, 
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JEOL) at Osaka University and analyzed with Electron Back Scatter Diffraction 
Patterns (EBSD; Nordlys, HKL) system. The working distance was 9.1 mm and the 
acceleration voltage was 15 kV.  
RESULTS OF ANALYSIS OF RECOVERED SAMPLES 
Figure 2a shows a slice of the recovered olivine sample irradiated with P0 ~190 GPa 
laser ablation pressure (shot no. 33757). The shock wave proceeded from the right-hand 
side of the section. The right-hand edge of the sample that contacted with the Ti sheet 
was concave about 85 µm from the original surface (most parts of the Ti sheet were 
ejected and lost). Figure 2b shows the intensity (the degree of transparency) distribution 
in the long white rectangle as a function of the distance from the Ti surface. Based on 
the intensity levels, we can distinguish three regions, (Region I) the lowest intensity 
region near the surface, (Region II) the middle region, and (Region III) the brightest 
(transparent) region far from the surface. Each boundary between these regions, where 
the intensity changes largely, is defined as the middle point between the edge and base 
of the plateau in the intensity, indicated by adjacent, thin vertical lines in Fig. 2b (the 
plateaus correspond to these regions). The positions of these boundaries for each shot 
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are shown in Table 1 as the distance from the Ti surface.  
Figure 2c is a SEM image of the area delineated by the white rectangle in Fig. 2a, 
farthest to the surface of the sample (Region III) in Fig. 2a, which is characterized by 
fewer cracks in closer alignment, while the SEM image of Region II delineated by the 
second white rectangle in the Fig. 2a is etched with randomly oriented cracked (Fig. 2d). 
Figure 2e is the closest rectangle to the surface of the sample in Fig. 2a. The right-hand 
side of the image (the shallower parts of the sample) is characterized by a low crack 
density and relatively flat areas (Region I). In addition, EBSD analyses show no clear 
crystal structure of the materials in Region I (Fig. 2f: taken from the shallower parts of 
Fig. 2e). On the other hand, the left-hand side (the deeper parts) in Fig. 2e (Region II) is 
heavily cracked, and EBSD image (Fig. 2g: taken from the deeper parts of Fig. 2e) is 
unlike those in Fig. 2f (Region I). These results suggest that the materials in Region I 
have been melted and rapidly solidified. Thus, Region I, which is nearest to the Ti sheet, 
is expected to be a melt region, though more detailed analyses of Region I should be 
carried out to find definite evidences of melting such as vesicles or flow features.  
In Fig. 3, optical (transmitted light) microscope slice images of all shots are shown. 
 11 
For olivine samples (Figs. 3a-3d), the similar features in the intensity distribution as 
seen in Fig. 2a can be recognized in every image, and, hence, we can distinguish the 
regions corresponding to Region I – III in Fig. 2a (there seems no Region I in Fig. 3a 
the lowest P0 case). As the initial pressures increase, the spatial ranges of Region I and 
II increase. For quartz samples (Figs. 3e and 3f), transmitted and reflected light images 
are shown. Though Region I is recognized, Region II is not clear in the transmitted light 
images while, in the reflected light images, Region II is clearly recognized. Thus, in 
both materials, the slices of recovered samples can be divided into three regions based 
on the optical microscope images.  
NUMERICAL SIMULATION  
To evaluate the pressure experienced in the recovered samples, we carried out 
numerical simulations using the shock physics code iSALE-2D (Wünnemann et al. 
2006). iSALE-2D is an extension of the SALE code (Amsden et al. 1980), which is 
capable of modeling shock processes in geologic materials (Melosh et al. 1992; Ivanov 
et al. 1997; Collins et al. 2004).  
We consider a geometrical case in axial symmetry. Target was cylindrical dunite or 
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quartz (3 mm in height and 1.5 mm in radius) attached with a Ti sheet on the top flat 
surface of the cylindrical targets. The thickness of the Ti sheet was changed according 
to the experimental conditions (0.2-0.6 mm in thickness). The target surfaces except for 
the one covered with the Ti sheet were surrounded by Al cases as the experiments with 
a thickness of 0.25 mm.  
The calibration experiment showed that the laser ablation pressure was 
approximately regarded as a constant (Fig. A2 in Electronic Appendix). Hence, we 
assume a constant initial shock-pressure (a square pulse) in the iSALE simulations. To 
represent a square pulse, though there was no flyer in our laser direct irradiation 
experiments, we set “impact” conditions as follows. A cylindrical Ti projectile was 
virtually considered and assumed to impact a Ti sheet covering the sample. Impact 
velocity was set to generate the average ablation pressures P0 generated in the Ti sheet, 
which were ~90-430 GPa in our experiments (Table 1), corresponding to an impact 
velocity of ~5-15 km/s. The dimensions of the virtual projectiles are set based on the 
laser conditions. The radius of the projectile was the same as the laser spot radius, 0.25 
mm for dunite and 0.2 mm for quartz, respectively. The thickness (height) was 
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determined such that the laser irradiation time of 24 ns is equal to the sum of the travel 
times of the shock wave caused by the impact to the rear surface of the projectile and 
the rarefaction wave generated at the rear surface of the projectile back to the boundary 
between the projectile and target (it is noted that pressure attenuation profiles change as 
a function of the height of the projectile, but the dependence is gradual as shown in Fig. 
A3 of Electronic Appendix). According to our initial average ablation pressures, the 
height was changed 0.15-0.25 mm. The flat surface of the projectile normally impacted 
to the Ti sheet on the targets. Pressure profile generated by the impact at the point 
between the virtual projectile and the Ti sheet is shown in Fig. A1b of the Electronic 
Appendix.  
The general setup for the calculations is described in Table A1 and the material 
parameters set in the calculations are listed in Tables A2 and A3 in Electronic Appendix. 
We used the Tillotson EOS (Tillotson 1962) for Ti and Al and ANEOS (Thompson and 
Lauson 1972) for dunite and quartz. The strength model (Ivanov et al. 1997) for dunite 
and quartz and the Johnson-Cook strength model (Johnson and Cook 1983) for Ti and 
Al were used, respectively. Note that the parameters for a popular titanium alloy 
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Ti6Al4V were used instead of pure Ti in the strength model (See Table A3 and Fig. A4 
of the Electronic Appendix). For comparison, the simulations without strength were 
also carried out. We inserted Lagrangian tracer particles into each computational cell to 
investigate the peak pressure experienced as a function of their original positions. The 
end time of calculation was set to 1 µs, which is typically twice than the travel time of a 
shock wave in the targets along the central axis and enough to obtain the maximum 
experienced pressure.  
To validate the code, we compare the results by iSALE with and without strength to 
previous models for dunite - dunite impact at 10 km/s obtained by Pierazzo et al. (1997) 
and Mitani (2003). The result by iSALE without strength is almost the same profile as 
the one by Pierazzo et al. (1997), and the result by iSALE with strength shows that the 
pressure decreases more quickly than that by Pierazzo et al. (1997) and is consistent 
with that by Mitani (2003), in which a strength model is included (Fig. A5 of the 
Electronic Appendix).  
DISCUSSION 
In Fig. 4, the shock pressures obtained by iSALE with strength for the initial 
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pressure of P0 of 150 and 190 GPa are shown as a function of the distance normalized 
by the projectile radius. For comparison, we indicate the positions of the boundaries 
between Regions I and II and between II and III along the central axis, obtained from 
two recovered samples with P0 of 150 and 190 GPa, as thin (I-II) and bold (II-III) 
vertical lines. The positions are normalized by the laser spot radius (0.25 mm for 
olivine). We also show the pressure of the onset of melting and HEL as horizontal lines. 
Various shock pressures of the onset of melting have been proposed (e.g., > 70 GPa for 
olivine and 50-65 GPa for quartz referred in Melosh (1989)). Here, we set the onset 
pressure to be 82 GPa for olivine and 70 GPa for quartz, both which are based on the 
concept of entropy matching between shocked and released states (Ahrens and O’Keefe 
1972; Sugita et al. 2012). Note that this pressure is not the melting pressure in 
compressed, high-temperature states, which is higher, 130 GPa for olivine (Holland and 
Ahrens 1997) and 120 GPa for quartz (Akins and Ahrens 2002). The HEL for olivine is 
different depending on the crystal axis: ~12 GPa (010), 8.7 GPa (001) and ~6 GPa (100) 
(Syono et al. 1981b). Since the crystal axes of the samples are arbitrarily oriented in the 
experiments, we average the pressures at the HEL among the tri-axes, yielding 
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Voigt-Reuss-Hill average of 9 GPa. The HEL for quartz is set to be 9.5 GPa (Melosh 
1989; Akins and Ahrens 2002).  
The region I is suggested as that of the melting and should move from the original 
positions due to shock-driven particle movement (i.e., crater formation process). Noting 
that the results by iSALE in Fig. 4 show the maximum experienced pressures at the 
original positions, it is qualitatively consistent that the position of the boundary between 
the regions of I and II is slightly distant than the melting region obtained in the 
numerical results. On the other hand, the normalized positions d/rp of the boundary 
between II and III is very close to the HEL obtained in iSALE, suggesting that the 
boundary between II and III corresponds to HEL (the movement in the crater formation 
process at the depth around HEL would be smaller than the melt region).  
Figure 5a shows a result by iSALE with strength as a pressure contour map. The 
corresponding experimental condition is that of the recovered sample shown in Fig. 2a. 
The two red curves indicate the onset of melting and HEL. Figure 5b shows the pressure 
contour in Fig. 5a superimposed on the image shown in Fig. 2a. It appears that the 
region surrounded by HEL agrees well with the region II in the recovered sample not 
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only along the central axis as in Fig. 4 (we superimpose each slice image of the 
recovered olivine or quartz samples on the pressure contour map obtained by iSALE for 
corresponding experimental conditions in Fig. A6).  
The pressure at the point between the Ti cover sheet and the sample surface on the 
central axis, Ps, obtained by the numerical simulations, is listed in Table 1. In all shots 
except for the shot no. 35245, Ps is larger than the pressure of the onset of melting. 
Actually, we can recognize the region I in the slices of the recovered samples except for 
the shot no. 35245.  
Thus, the comparison with the numerical results suggests that the boundary 
between II and III is corresponding to the HEL. Moreover, the SEM image of Region II 
is etched with randomly oriented cracked (Fig. 2d) while Region III (Fig. 2c: SEM 
image of the farthest rectangle in Fig. 2a) is characterized by fewer cracks in closer 
alignment. Consequently, the material loses its strength in Region II while it should 
retain its strength in some directions in Region III. Therefore, it can be said that the 
boundary between II and III corresponds to HEL and that the high number density of 
fine cracks generated in Region II is likely responsible for reduced transparency in that 
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region as shown Figs. 2a and 2b.  
Finally, we should note that the comparison between the recovered sample in Fig. 
2a and the two-dimensional contour map in Fig. 5 suggests that the extent of the melting 
region (the thickness of the region I) seems almost the same, though the position of 
Region I is different. This implies that we can recover the most volume of 
impact-induced melt.  
CONCLUSION 
We performed laser shock experiments and recovered shocked samples. We 
investigated the petrographic features of the recovered samples by means of optical 
microscopy and found that each sample is divided into three regions: I (optically dark), 
II (opaque), and III (transparent). The analyses of the samples using SEM and EBSD 
show that the boundary between I and II is corresponding to the onset pressure of 
melting. Moreover, the pressure attenuation profiles as a function of the distance 
obtained by numerical calculations suggest that the boundary between II and III is HEL. 
Thus, we succeeded in the recovery of the entire samples shocked to pressures from 
HEL (~ 10 GPa) to melt (~ 100 GPa) in the hierarchical order. The recovery of entire 
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shocked samples and the conversion into experienced pressures from petrographic 
features would lead us to investigate the spatial distribution of the shock metamorphism 
successively as a function of pressure and provide information on the amount of altered 
materials in the future. Moreover, as an indicator of the experienced pressures such as 
HEL and melt, the intensity (the degree of transparency) distributions in the optical 
microscope images may be useful in the analyses of recovered natural samples.  
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Table 1. Experimental conditions and results.  
Shot 
No. 
Sample h a 
(mm) 
Laser 
Energy 
(kJ) 
Laser spot 
diameter 
(mm) 
P0 b 
(GPa) 
 
Distance 
to I-II c  
(mm) 
Distance 
to II-III d 
(mm) 
Ps f  
(GPa) 
35245 olivine 0.2 0.69 0.5 0.9 x102  - e 1.06 0.8 x102 
33772 olivine 0.4 1.3 0.5 1.5 x102 0.48 1.38 1.0 x102 
33757 olivine 0.4 2.0 0.5 1.9 x102 0.58 1.47 1.3 x102 
33756 olivine 0.6 4.3 0.5 3.2 x102 0.91 2.25 1.1 x102 
34831 quartz 0.5 2.7 0.4 3.1 x102 0.82 1.50 0.9 x102 
34829 quartz 0.6 4.4 0.4 4.3 x102 1.0 1.62 1.1 x102 
a h: the thickness of Ti sheet.  
b P0: Laser ablation pressure.  
c Distance from the Ti surface to the boundary between the regions I and II.  
d Distance from the Ti surface to the boundary between the regions II and III.  
e There is no evidence of melting.  
f Ps: Peak pressure in samples estimated from numerical simulations. 
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Figures and Captions 
 
 
 
 
 
 
Fig. 1. Target setup for the recovery experiments. Cubic olivine or quartz samples (sides 
3 mm) were surrounded by Al cases, except for the front surface, which was covered 
with a Ti sheet (thickness 0.2-0.6 mm) to prevent the ejection of shocked samples from 
the Al cases. The Ti sheet was irradiated with a laser of spot diameter of 0.4 or 0.5 mm, 
generating a shock wave in Ti that propagated into the sample. The samples were 
recovered after the shot.  
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Fig. 2. (a) An optical (transmitted light) microscope image of a slice of the recovered 
sample of shot no. 33757. The shock wave arrived from the right. The right-hand edge 
of the sample was slightly lost about 85 µm from the original surface. Broken lines 
divide (I) the melt, (II) plastic, and (III) elastic region. (b) Intensity distribution in the 
large white rectangle in (a) as a function of the distance from the Ti surface (vertically 
integrated). The boundaries between I and II, and II and III, are defined as the middle 
points between adjacent thin-vertical lines. (c) SEM image of the area delineated by the 
rectangle in (a) farthest to the surface in Region III. Fewer cracks (fragments) appear; 
cracks tend to align. (d) SEM image of Region II. Many cracks oriented in various 
directions are visible. (e) SEM image of the area delineated by the rectangle closest to 
the surface including the boundary between Regions I and II (white dotted line). 
Regions I and II are distinguished by few and many cracks, respectively. (f) and (g) 
EBSD images obtained from the left-hand side (corresponding to Region II) and the 
right-hand side (Region I) of the image (e), respectively. Regions I and II are 
distinguished by a clearer pattern in the former. The white horizontal bars in (c), (d), 
and (e) denote a scale of 100 µm. 
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Fig. 3. Optical (transmitted light) microscope images of slices of the recovered samples: 
(a) olivine (#35245), there seems no Region I, (b) olivine (#33772), (c) olivine (#33757; 
the same as Fig. 2(a)), (d) olivine (#33756), (e) quartz (#34831), and (f) quartz (#34829). 
For the sections of the quartz samples in (e) and (f), not only the transmitted—light 
image (the left-hand side) but also the reflected-light image (the right-hand side) are 
shown. The length of each image is 3 mm. Laser irradiated from the right-hand side.  
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Fig. 4. Shock pressure as a function of normalized distance (d/rp). Numerical results by 
iSALE with strength are shown for the initial pressure P0 of 150 and 190 GPa as a thin 
curve and a bold one, respectively. The horizontal lines indicate the melting pressure 
and HEL of olivine. The positions of the boundaries between I and II and II and III 
obtained from the recovered samples are indicated with the vertical lines labeled I-II 
and II-III for P0 of 150 GPa (thin lines) and 190 GPa (bold ones). The number following 
these labels means P0.   
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Fig. 5. (a) Pressure contour in the olivine target for P0 of 190 GPa obtained by 
iSALE-2D calculation in axis-symmetry. The target is surrounded by Al cases except 
for one surface where a Ti sheet covers and a projectile impacts (the right-hand side of 
the figure). Ti and Al are not shown in this figure. The horizontal axis is the distance 
1 GPa 
3 GPa HEL 
30 GPa 
Melt 
Di
sta
nc
e 
(m
m
) 
(a) 
(b) 
 36 
from the Ti surface in mm. The color indicates the pressure experienced as shown in the 
right-hand side in log-scale. Two red lines means the pressures of the onset of melting 
and HEL. The horizontal broken line indicates the central axis, along which the 
projectile impacts from the right. (b) The same pressure contour by iSALE-2D as (a) 
superimposed on the image of the recovered olivine sample in Fig. 2a.  
 
  
Electronic Appendix  
 
Table A1. General setup parameters for the iSALE calculations 
 
Computational geometry Cylindrical coordinate 
Number of computational cells in R direction 720 
Number of computational cells in Z direction 820 
Number of cells for samples in R direction 300 
Number of cells for samples in Z direction 300 
Number of cells for the Al case in R direction 400a 
Grid spacing (µm/grid) 5 
Artificial viscosityb a1 0.24 
Artificial viscosity a2 1.2 
  
a. This value was chosen to stand off the wave interaction with the rarefaction wave 
from the surface of the outside of the aluminum case. The actual thickness of the 
aluminum case used in the experiments was much thicker than this value. Thus, the 
effect of the rarefaction wave from the surface of the outside of the aluminum case 
can be also neglected under the experimental conditions.  
b. The artificial viscosity is introduced into the iSALE to capture a shock in 
computation and to dampen a numerical oscillation behind the shock. This leads to 
shock smearing with the full width at half maximum of ~3 cells [e.g., Johnson et al., 
2014]. The grid spacing of 5 µm/grid was chosen to minimize the effect of the shock 
smearing on the calculated spatial distribution of the peak pressure. The grid spacing 
used in this study, 5 µm/grid, provides the number of cells for titanium flyer in Z 
direction with >24 cells.  
 
 
 
 
 
  
 
Table A2. The list of input parameters for minerals in iSALE calculations. 
 
 Dunite Quartz 
EOS type ANEOSa ANEOSb 
Strength model Rockc Rockc 
Poisson ratio 0.25d 0.25 d 
Melting temperature (K) 1373d 1750e 
Thermal softening coefficient 1.1d 1.1f 
Simon parameter A (GPa) 1.52d 1.8e 
Simon parameter C 4.05d 3.4e 
Cohesion (Undamaged) (MPa) 5.07d 1000f 
Cohesion (Damaged) (kPa) 10d 10f 
Internal friction (Undamaged) 1.58d 1.2f 
Internal friction (Damaged) 0.63d 0.6f 
Limiting strength (GPa) 3.26d 3.5f 
Minimum failure strain 10-4 f 10-4 f 
A constant for the damage model 10-11 f 10-11 f 
A threshold pressure for  
the damage model (MPa) 
300 f 300 f 
   
a. Benz et al. (1989) 
b. Melosh (2007) 
c. The detailed description of the strength model for rocks can be found in Collins et al. 
(2004). 
d. Johnson et al. (2015)  
e. Wünnemann et al. (2008)  
f. Typical values for minerals are employed. 
 
 
  
Table A3. The list of input parameters for metals in iSALE calculations. 
 
 Titanium Aluminum 
EOS type Tillotsona Tillotsona 
Strength model Johnson-Cookb Johnson-Cookb 
Poisson ratio 0.33c 0.33 c 
Melting temperature at 1 atm 1933d 1063 e 
Isochoric specific heat (J/K/kg) 521f 896f 
Simon parameter A (GPa) 1.5d 8.8e 
Simon parameter C 5.3d 2.3e 
Johnson-Cook parameter A (MPa) 880g 321b 
Johnson-Cook parameter B (MPa) 695g 114b 
Johnson-Cook parameter N 0.36g 0.42b 
Johnson-Cook parameter C 0.04g 0.002b 
Johnson-Cook parameter M 0.8g 1.34b 
Reference temperature (K) 293 293 
   
a. Tillotson (1962) 
b. The detailed description of the model can be found in Johnson and Cook (1983) 
c. A typical value for metals was employed. 
d. We fitted the melting curve by Kerley (2003) with the Simon equation up to 100 
GPa [e.g., Wünnemann et al., 2008]. The melting curve calculation using the Simon 
equation is supported in the iSALE. Note that the melting curve above 100 GPa by 
Kerley (2003) deviates from the calculated value of the Simon equation with the 
parameters shown here.  
e. Zhang et al. (2014) 
f. The isochoric specific heat Cv was assumed to be the Dulong-Petit limit. 
g. Dorogoy and Rittel (2009). Note that we used the parameters for a titanium alloy 
Ti6Al4V instead of pure titanium because the parameters of Johnson-Cook strength 
model for pure Ti have not been established. To access the validity this treatment, 
we conducted one more calculation without strength in the titanium plate on the 
surface of the targets and the projectile. Figure A4 shows the effect of strength of Ti 
on the peak pressure distribution in dunite sample. The initial shock pressure Po was 
set to 190 GPa in this calculation, which is the same as shown in Figure 4 in the 
main text. This comparison clearly shows that the strength of Ti does not largely 
affect the pressure distribution in the samples. The shocked Ti around the central 
axis is mostly melted, resulting in drastic decrease in the strength due to the effect of 
thermal softening.  
  
Figures and captions 
 
 
Figure A1. (a) Typical laser intensity profile in the experiments and (b) initial pressure 
one caused by virtual projectile impact in the iSALE numerical simulation. The duration 
of the flat area depends on the dimension of the virtual projectile and affects the 
positions of melt and HEL. The dependence of the positions on the projectile thickness 
is shown in Fig. A5.   
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Figure A2. Calibration experiment. (a) Experiment setup. A thin (50 µm in thickness) 
aluminum (Al) sheet was irradiated by the laser at the same pulse width and wavelength 
as those in our experiments. Laser energy and spot diameter were 2.3 kJ and 0.5 mm in 
diameter, respectively. (b) A streak camera image of the calibration experiment. The 
vertical axis is time, proceeding from the top to the bottom. The horizontal axis is space; 
the horizontal white bar at the top of the figure is the original position of the Al sheet 
and the length indicates 50 µm. The laser irradiated from the right and the bright parts 
just on the right side of the Al sheet is the ablation plasma. At each time, the edge of the 
brightest part of plasma corresponds to the surface of the Al sheet indicated by the red 
curve (the Al sheet moves to the left). The curve is approximately regarded to be 
parabolic; the Al sheet was accelerated at an approximately constant acceleration, that is, 
an approximately constant pressure, during the laser irradiation. We define a constant 
average (effective) ablation pressure P0 as ma/S = ρda, where S, m, ρ, d, and a are laser 
irradiation spot area, the mass, density, and thickness of the Al sheet flyer, and 
acceleration, respectively.  
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Figure A3. The positions of melt and HEL (= the distance from the Ti surface 
normalized by the projectile radius rp) obtained by iSALE as a function of projectile 
thickness (height). The corresponding experiment is the case of P0 = 190 GPa. 
Horizontal lines indicate the boundaries between I and II (red) and II and III (blue) 
obtained in the recovered sample. The positions of melt and HEL in the simulations 
increase with the projectile thickness, but the slope is gradual. The result shown in Fig. 
4 for P0 = 190 GPa is obtained with a projectile thickness of 150 µm.  
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Figure A4. The effect of the strength of the titanium. (a) The pressure contour with 
Johnson-Cook strength model in which the parameters for the titanium alloy were used 
as Ti. This figure is the same as Figure 4 in the main text. (b) The pressure contour 
without strength model for Ti. (c) The peak shock pressure along the central axis as a 
function of d/rp. Two lines with and without strength for Ti mostly overlap. 
 
 
  
  
Figure A5. A pressure profile along the central axis as a function of the distance 
normalized by projectile radius (d/rp). We plot the results by iSALE for an impact 
velocity of 10 km/s with and without strength as a bold curve and a broken one, 
respectively. The number of cells for projectile radius (CPPR) was set to 50. For 
comparison, we show two previous numerical results for dunite - dunite impact at 10 
km/s obtained by Pierazzo et al. (1997) (denoted by “P”) and Mitani (2003) (denoted by 
“M”). Since the code by Mitani (2003) includes a constituent equation specified for a 
pressure around HEL, the pressure decreases more rapidly than the result by Pierazzo et 
al. (1997) at several tens GPa. The result by iSALE without strength is almost the same 
profile as the result (P). The result by iSALE with strength shows that the pressure 
decreases more quickly and consistent with that by Mitani (2003). The horizontal lines 
indicate the melting pressure and HEL of olivine. 
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Figure A6. Optical (transmitted light) microscope images of thin-sections of the 
recovered samples: (a) olivine (#35245), there are no melt region, (b) olivine (#33772), 
(c) olivine (#33757; the same as Fig. 2(a) and Fig. 4), (d) olivine (#33756), (e) quartz 
(#34831), and (f) quartz (#34829). For the sections of the quartz samples in (e) and (f), 
not only the transmitted—light image (the left-hand side) but also the reflected-light 
image (the right-hand side) are shown. The length of each image is 3 mm. Laser 
irradiated from the right-hand side.  
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